Introduction
Ivabradine HCl (IH) is used to reduce the heart rate through inhibition of the pacemaker current (I f ). IH is used in the treatment of heart failure, in sinus rhythm and angina pectoris when beta blockers are not responding. [1] [2] [3] Several methods have been reported to determine IH such as spectrophotometric method, 4 chromatographic methods, [4] [5] [6] [7] [8] [9] [10] [11] spectrofluorimetric method, 12 and potentiometric method. 13 The electroanalytical methods are simple, rapid, and in expensive techniques, they have great importance in environmental monitoring and pharmaceutical analysis. [14] [15] [16] [17] [18] [19] [20] Carbon nanotubes (CNTs) have matchless geometrical, mechanical, electronic and chemical properties. Multiwalled carbon nanotubes (MWNTs) modified electrodes have plentiful characteristics compared with bare electrode according to their unrivaled properties. Nanoparticles increase the number of active sites and the rate of mass transport to the electrode surface. [21] [22] [23] [24] This study aims to determine IH at multiwalled carbon nanotubes modified carbon paste electrode (MWCNTCPE) utilizing voltammetric method based on the electrochemical oxidation of IH.
Materials and Methods
Apparatus SP-150 (Biologic Science Instruments, France) was used for voltammetric experiments. The results were analyzed using EC-Lab software. Ag/AgCl (3.0 mol L -1 NaCl) reference electrode and a platinum wire counter electrode were purchased from BASi (USA), pH meter (JENWAY 3510, UK) was used to adjust buffer solutions. JSM-6700F scanning electron microscope (Japan Electro Company) was used to do scanning electron microscopy (SEM) experiments. FTIR-8400S spectrophotometer (Shimadzu, Japan) was used to obtain FTIR spectra of MWCNTCPE and MWCNTCPE/SDS. The charges of atoms of IH were calculated using Huckel ' s method (ChemBio 3D Ultra program).
Materials and reagents
IH (98.5%) and Procoralan® tablets (5.39 mg of IH per tablet) were provided by Servier Egypt Industries Limited. MWCNTs (6-13 nm in diameter and 2.5-20 μm in length; purity >98%), sodium dodecyl sulfate (SDS), Graphite and paraffin oil were supplied from SigmaAldrich. IH stock solution (1.0 x 10 -3 mol L -1 ) and SDS solution (1.0 x 10 -2 mol L -1 ) was prepared using deionized water. Britton-Robinson (BR) buffer solutions (pH: 2.0-11.0) were prepared as mentioned before. 16 Plasma was purchased from blood bank of VACSERA (Egypt).
ethyl ether to get good homogeneity, and then dry this mixture in air. The dried mixture was mixed with paraffin oil to obtain a uniformly wetted paste. The hole of the electrode was filled with paste and smoothed on a filter paper until a shiny appearance was obtained. A carbon paste electrode (CPE) was obtained using the same procedures without MWCNTs addition. was added to flask containing 60 mL deionized water, then dissolved by sonication for 15 min and the volume was completed to 100 mL with deionized water. The solution was filtered to remove the insoluble excipients. Standard addition method was performed to determine IH in dosage form.
Effect of SDS

Analysis of IH in plasma
One mL of human plasma and 2 mL of acetonitrile were added to a series of 10 mL centrifuge tubes containing different volumes of IH (1.0 x 10 -3 mol L -1 ), the mixture was centrifuged at 5000 rpm for 10 min to get rid of protein residues. 0.5 mL from the supernatant was transferred into voltammetric cell containing 4.5 mL of BR buffer (pH 3.0) and SDS solution (3.58 x 10 -4 mol L -1 ). The procedures mentioned in calibration curve were done. The institutional board (NODCAR, Egypt) have agreed for testing with human subjects. Agreement was acquired from all contributors. Figure 1A displays the cyclic voltammograms of IH (1.43 x 10 -4 mol L -1 ) at CPE in BR buffer of different pH values. The forward scan shows anodic peak due to the oxidation process, while the reverse scan shows no peaks, indicating the irreversibility of the electrochemical process.
Results and Discussion
Voltammetric behavior of IH
Influence of pH
The electrochemical action of IH (1.43 x 10 -4 mol L -1 ) was studied in different pH solutions (2.0-11.0) at CPE using cyclic voltammetry (CV) and scan rate of 100 mV s -1 as shown in Figure 1 . Figure 1A shows that well defined and sharp anodic peaks in acidic medium (pH: 2.0-6.0) and broad peaks in neutral and basic medium (pH: 7.0-11.0). Figure 1 (A, B) shows that the anodic peak current presents the highest value at pH 3.0. Therefore, pH 3.0 was chosen to determine IH. Figure 1 (A, C) shows that the anodic peak potentials increases as pH increases up to pH 6.0, and decreases as pH increases up to pH 11.0. ) at CPE using BR buffers (pH 2.0-11.0) at scan rate of 100 mV s -1 (A). Linear plots of anodic peak currents (B) and potentials (C) as a function of pH. Figure 2A shows that the anodic peak currents (I) are 12.755 µA (at 1.131V), 28.641 µA (at 1.117 V) and 63.543 µA (at 1.171 V) at CPE, MWCNTCPE and MWCNTCPE/SDS, respectively. Graphite and multiwalled carbon nanotubes have hydrophobic surface and SDS molecule has hydrophobic tail giving hydrophobic interactions between the electrode surface and SDS molecules. 25, 26 SDS molecules were adsorbed on electrode surface to form negatively charged film which attract the positively charged drug and the drug concentration increases at the electrode surface leading to the increase of peak current. Therefore, MWCNTCPE/SDS is the optimum electrode for the determination of IH according to its larger active surface area than CPE, and SDS works as micellar medium which increase the sensitivity and selectivity of ) at CPE, MWCNTCPE and MWCNTCPE/SDS in BR buffer of pH 3.0 at scan rate of 100 mV s -1 (A), effect of SDS concentration on the anodic peak current of IH (B), the oxidation mechanism of IH at MWCNTCPE/SDS (C).
Influence of SDS
Since IH is positively charged in acidic medium, SDS (as anionic surfactant) was used to enhance the peak current giving better sensitivity in the analysis of IH. Different volumes of SDS solution of concentrations varied from 2.85 x 10 -5 to 5.91 x 10 -4 mol L -1 were added to the electrolytic cell containing IH (1.43 x 10 -4 mol L -1 ) in BR buffer (pH 3.0). Figure 2B shows that the peak current increases as the concentration of SDS increases up to 3.58 x 10 -4 mol L -1 then after this concentration the peak current decreases as the concentration of SDS increases.
Hence, the optimum SDS concentration was 3.58 x 10 -4 mol L -1 . The mechanism of oxidation of IH is through the loss of one electron and one proton to form cation radical and cation in acidic and basic medium, respectively as shown in Figure 2C . The charges of atoms of IH were shown in ESI 3; N (amine) has the smallest negative value of -0.0586 (highest positive value) than those of the other atoms. Thus, it is the center of oxidation which loss one electron and its attached proton to form cation radical in acidic medium, while in basic medium this nitrogen atom loss one electron and the carbon atom C (18) which has the highest positive charge (0.0243) than those of the other carbon atoms loss one proton to form cation. Figure 3 represents the oxidation of IH (1.43 x 10 -4 mol L -1 ) in BR buffer (pH 3.0) as a function of scan rate (ʋ) (10-400 mV s -1 ) at MWCNTCPE/SDS. As ʋ increases, the peak current increases, and the peak potentials increases ( Figure 3A) . Figure 3B , 3C show linear relationships were found between the peak currents and ʋ 1/2 and between the logarithms of the peak current and ʋ (log I = 0.80 + 0.48 log ʋ, R (Correlation coefficient) = 0.9997), the slope 0.48 is near to 0.50 (theoretical value) suggesting diffusion controlled process of the oxidation of IH. 
Influence of scan rate
Chronoamperometry study
The diffusion coefficient of IH was determined in BR buffer (pH 3.0) at MWCNTCPE/SDS; the potential was set at 1. ), the diffusion coefficient (cm 2 s -1 ), and electroactive area of the working electrode, respectively. 31 A was obtained using the diffusion coefficient of K 3 Fe (CN) 6 which is equal to 7.6 x 10 -6 cm 2 s -1 , 27 and thus A was calculated to be 0.115 cm 2 . Figure 4A represents the chronoamperograms of IH at MWCNTCPE/SDS in BR buffer of pH 3.0. It was shown that the chronoamperometric signal increases as the concentration of IH increases. It was found that 16 s is a sufficient electrolysis time to reach steady state. Figure  4B shows the linear relationships between I and t -1/2 . The plot of the slopes of straight lines obtained in Figure 4B against the concentration of IH gives a straight line as shown in Figure 4C ; the slope of this relation is used to calculate D based on Cottrell equation. D of IH was found to be 3.175 x 10 -5 cm 2 s -1 . The reaction rate constant (K) was determined using the following equation: I C /I L = (πKCt) 1/2 where I C and I L are the catalytic and limited currents in the presence and in the absence of IH, respectively. 32 The value of K above equation was calculated from the slope of the plot of I C /I L vs. Table 1 shows comparison between the proposed method and some reported methods used for analysis of IH. The proposed DPV method is more sensitive than these methods. Statistical comparison between the results obtained by proposed voltammetric method and reported method, 11 was performed using t-test and F-ratio. 33 There is no significance difference between them as shown in Table 1 . Table 2 shows the repeatability of the proposed method using different concentrations of IH which each of them was measured three times a day for three successive days. The proposed method shows good repeatability as shown in Table 2 . The reproducibility of the proposed method was done by two different analysts using the same procedures for analysis of IH (9.9 x 10 -6 mol L -1 ). The recovery values were 99.65% and 100.48% for the first and the second analyst, respectively. The relative standard deviations of three replicate measurements were 0.61% and 0.74% for the first and the second analyst, respectively, suggesting good agreement of results. Interference study Lactose, microcrystalline cellulose, titanium dioxide and magnesium stearate are used as excipients in pharmaceutical industry. Interference studies were performed prior to analysis of IH in dosage forms using 1.0 x 10 -5 mol L -1 and 1.0 x 10 -4 mol L -1 of IH and all excipients, respectively. The presence of excipient not affect drug estimate.
Analysis of IH in tablets
Standard addition method was applied for analysis of IH in Procoralan tablets without any extraction steps prior to the analysis. The results showed that interference from the matrix was negligible (Table 2) . IH can be determined in pharmaceutical formulation within the linear range (3.984 x 10 -6 -3.475 x 10 -5 mol L -1 ). 
Analysis of IH in plasma
Conclusion
The proposed method used MWCNTs and SDS based on their properties for the quantitative determination of IH in bulk, tablets and plasma. The sensor sensitivity and selectivity were enhanced using MWCNTs and SDS in comparison with CPE. The proposed DPV method is not time consuming method, there is no extraction stage. It can be used for quality control of IH.
